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Abstract 
Males of Xylocopa virginica are territorial like many other bee species. Males interact 
aggressively to displace other males from territories. Body size is known to influence resource-
holding potential in many other taxa, and studies of bees suggest that body size is important for 
territorial males. Familiarity and the avoidance of kin competition are also known to influence 
territorial behaviours in other taxa but has not been studied in male bees. Recent evidence 
suggests that nestmate recognition occurs in X. virginica and there is also evidence for the 
avoidance of kin competition. This thesis tests whether body size, familiarity, and kinship 
influence territorial interactions using social networking tools. Around half of all males 
attempted to establish or defend a territory. Males that established or defended territories are 
larger than males that did not. Male body size has a weak positive influence on hover rates, 
related to holding territories, the number of hovering neighbours each male had, and the number 
of males each male chased or fled in defence of territories. I found no evidence to support that 
familiarity influences aggressive behaviours, but there is a strong correlation with the number of 
neighbours a male had and the number of males it chased or fled. Brothers estimated from 
microsatellite genotypes are no more aggressive to each other than to non-siblings. However, the 
results indicate that several sets of brothers overwintered in different nests, which does not 
coincide with the behavioural patterns described in the literature. This study is the first step 
towards understanding the influence of familiarity and kin competition on male behaviour in a 
taxonomic group with a wide array of mate-locating strategies. Discussed herein are the 
importance of continued research on mating systems and mate-locating strategies of bees, as well 
as outlining future projects to address several gaps in knowledge that remain after this study.   
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1 Introduction and literature review 
1.1 Sexual selection 
Male bees exhibit a wide variety of reproductive behaviours, many of which operate 
under sexual selection. Sexual selection is a type of natural selection that occurs when an 
individual of one sex chooses or competes for one or more mates of the opposite sex. Sexual 
selection acts on traits or competitive abilities that confer an advantage to acquire a mate. The 
trait must vary enough that competing individuals have an unequal opportunity to reproduce 
(Darwin, 1871). Individuals with heritable traits or abilities pass those on to their offspring 
(Bateman, 1948; Darwin, 1871). There are two different forms of sexual selection: intrasexual 
and intersexual selection. In intrasexual selection, members of the same sex compete for access 
to mates. In intersexual selection, members of one sex choose mates based on desirable traits 
(Darwin, 1871). Each type of sexual selection can lead to different mating systems or mate-
locating strategies that vary regarding the number of mating opportunities, the number of 
potential mates, where and when to search for mates, and the phenotypic traits that operate under 
the principals of natural selection.  
1.2 Types of mating systems 
Mating systems differ by the number of mates each sex has over its lifetime (Emlen & 
Oring, 1977). Monogamy is when males and females of the same species have a single mate. 
Polygamous mating systems occur when either males or females have multiple mates  (Emlen & 
Oring, 1977). Polygamy includes sex-specific types, polygyny and polyandry. Polygynous males 
mate with multiple females, and polyandrous females mate with multiple males. The third type 
of polygamy, polygynandry is when both males and females mate with multiple individuals of 
the opposite sex. Bees exhibit all three types of polygamy in various forms. Generally, males 
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attempt to mate more than once, and females vary from one to multiple mates depending on the 
species (Alcock, 1978; Paxton, 2005). 
1.3 The mate-locating strategies of bees 
Differences of investment to parental care, the size of gametes, and timing of female 
receptivity to mating influence which mate-locating strategies are used by males (Alcock, 1996; 
Bateman, 1948; Paxton, 2005). In bees, males provide no direct investment beyond insemination 
itself, whereas females provide all the parental care (Alcock, 1978; Alcock & Smith, 1987; 
Gerling, Velthuis, & Hefetz, 1989; Marshall & Alcock, 1981). In the absence of parental care, 
only mating success influences the number of offspring an individual contributes to the next 
generation (Wade, 1979; Wade & Arnold, 1980). Therefore, the simplest way for males to 
increase reproductive potential is to mate with multiple females. In contrast, female reproductive 
success is largely determined by how well a female can provide care for offspring (Alcock, 1978; 
Bateman, 1948; Boomsma, Baer, & Heinze, 2005; Emlen & Oring, 1977; Paxton, 2005). The 
relative size of gametes is also important since female bees lay very large eggs relative to their 
body size (Hogendoorn & Velthuis, 1993). Female investment into each gamete is substantially 
higher than males, which produce many sperm cells. Females also store sperm in a spermatheca  
(Alcock, 1978; Boomsma et al., 2005; Duvoisin, Baer, & Schmid-Hempel, 1999; Estoup, Scholl, 
Pouvreau, & Solignac, 1995; Franck et al., 2002; Lampert et al., 2014). Females mate with the 
fittest males to produce similarly fit offspring (Franck et al., 2002; Lunau, 1992; Severinghaus, 
Kurtak, & Eickwort, 1981).  
Male bees exhibit many different mate-locating strategies including the defence of 
territories with or without resources important to the survival and reproduction of females, and 
patrolling strategies to search for females (Alcock, 1978; Paxton, 2005). Territorial strategies are 
favoured when males displace other males from resources through aggressive interactions to 
territories to gain more mating opportunities (Emlen et al. 1977; Wilson 1975). Species with 
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females that emerge gradually over a long time-period rather than simultaneously favour 
territorial strategies. Finally, clumped rather than dispersed resources such as nesting sites or 
flower patches that females visit favour territoriality (Alcock, 1978; Emlen & Oring, 1977; 
Paxton, 2005).  
Male bees predominantly establish territories at flower patches or a specific floral species 
that females use to provision brood, or at nesting and emergence sites that are critical for the 
survival of females and their brood (Alcock, 1978; Paxton, 2005). Anthidium manicatum males 
defend flower patches, and the number of times females visit those patches determines the 
quality of territories. Males that defend high-quality flower patches copulate with females more 
than males that defend lower quality flower patches (Severinghaus et al., 1981). The males of 
Hylaeus alcyomneus also defend flowers that are most attractive to females (Alcock & Houston, 
1987). 
Some males defend territories devoid of feeding or nesting resources. For instance, some 
males establish territories at landmarks and fly-ways used by females (Paxton, 2005). In 
Xylocopa varipuncta, males defend hilltop territories that females rarely visit other than to mate. 
X. varipuncta females choose mates that are in territories that intersect their flight path (Alcock 
& Smith, 1987; Marshall & Alcock, 1981). Sometimes less competitive males defend non-
resources as opposed to more valuable, resource-rich territories. In Centris pallida, some males 
avoid competition by hovering to wait for virgin females that are not found by the more 
successful males that actively dig up mates (Alcock et al. 1977).  
In lekking species, males compete to attract females with pheromones or fragrances 
collected from plants (Alcock & Smith, 1987; Eltz, Roubik, & Lunau, 2005). Males of Euglossa 
imperialis, an orchid bee, collect fragrances to attract females (Schemske & Lande, 1984). In 
many Xylocopa species, males attract mates with pheromones secreted from mesosomal glands 
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(Gerling et al., 1989; Leys, 2000; Leys & Hogendoorn, 2008). These behaviours usually occur in 
away from flowers and nesting locations that are only valuable to females for mating.  
Nesting sites or flowers patches that are more dispersed in the environment result in 
patrolling strategies. Patrolling males also search for mates at nesting sites or flowers similar to 
territorial males (Alcock, 1978, 2013; Paxton, 2005; Seidelmann, 1999). Females of the red 
mason bee, Omsia rufa are widely distributed in the environment and are generalist pollinators, 
so males patrol for females in home ranges or at floral resources (Seidelmann, 1999).  
1.3.1 The influence of body size on male reproductive strategies 
Some bee species have large males that are more likely to mate than smaller males. 
Large-bodied males with high reproductive potential have an advantage defending territories or 
searching for mates. In Anthidium manicatum, large males hold territories that females often 
visit. These large males have a greater copulatory frequency than smaller males (Severinghaus et 
al., 1981). Territorial males of Hylaeus alcyoneus are larger than patrolling or replacement 
territory holders (Alcock & Houston, 1987). These large males defend flowers that females 
prefer, so large males can attract females (Alcock & Houston, 1987) rather than using an 
alternative patrolling strategy to search for females. Males of Centris pallida are larger on 
average at digging sites than conspecific males that do not dig for mates (Alcock, 2013). These 
examples provide substantial evidence for the intrasexual selection of large-bodied male in bee 
species with territorial mate-locating strategies. 
In some bee species, body size does not influence reproductive success. For example, in 
Osmia rufa, the body mass of males that successfully mated was not different from males that 
were unable to mate even though males in home ranges are larger than males at flower sites 
(Seidelmann, 1999). In species with large males that have higher reproductive success, A. 
manicatum, H. alcyoneus, and C. pallida small males persist in the population and sometimes 
exhibit alternative strategies. Smaller males adopt patrolling strategies in both A. manicatum and 
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H. alcyoneus. In A. manicatum, smaller males replace experimentally removed large males that 
owned territories, so large body size is actually selected despite the presence of smaller males 
(Alcock & Houston, 1987; Starks & Reeve, 1999). Small males of C. pallida avoid competition 
with digger males altogether, by hovering at non-resources, to wait for virgin females that elude 
larger males (Alcock, 2013; Alcock et al., 1977).  
Ecological and physiological influences on bee size 
The body size of insects is largely influenced by the amount of food larvae consume. In 
bees, the foraging females provision all the food that larvae consume before eclosion as an adult. 
The environmental factors that influence foraging and the availability of pollen affect the body 
size of bee offspring (Richards & Packer, 1996). In general, eggs that are provided with more 
food grow larger than eggs that have less food (Danforth, 1990). The amount of protein in 
different types of pollen also influences body size during development (Roulston & Cane, 2002). 
So, bees that receive more or better-quality food as juveniles develop into larger adults. For 
example, in Osmia bicornis, a solitary bee, the size of offspring increases with the amount of 
pollen provisions (Radmacher & Strohm, 2010). In another hymenopteran, Philanthus 
triangulum, the cocoon length of offspring increases with the number of prey items mothers 
provision (Strohm, 2000).  
To a lesser extent, ecological conditions influence the body size of bees. This is related to 
how factors such as a temperature and rainfall influence to foraging patterns the foraging effort 
of females. There is also some evidence that development at lower temperatures increases the 
size of insects (Partridge, Barrie, Fowler, & French, 1994; Radmacher & Strohm, 2010), though 
in bees this has been attributed mostly to how temperature influences foraging that subsequently 
influences body size (Richards & Packer, 1996).   
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Taken together, the amount of pollen provisions, nutrition, and environmental factors that 
influence the type and amount of pollen affect the body size of bees. So, that means that mothers 
ultimately contribute to the ability of individual male bees to establish and defend territories. 
1.4 Familiarity and kinship can influence territorial interactions 
 Many territorial animals respond less aggressively to familiar than unfamiliar individuals 
(Ydenberg, Giraldeau, & Falls, 1988), which is known as the “dear-enemy” hypothesis (Fisher, 
1954; Wilson, 2000). Reduced aggression among familiar individuals occurs because familiar 
individuals pose less of a threat than unfamiliar individuals (Jaeger, 1981). Familiar individuals 
also make fewer mistakes about the knowledge of winning an escalated contest based on prior 
interactions (Ydenberg et al., 1988). However, there are territorial systems, in which familiar 
individual have more to gain from displacing or winning a contest with each other than fighting 
unfamiliar individuals (Müller & Manser, 2007). In these systems, familiar territory owners are 
more aggressive than to each other than to unfamiliar individuals, which is called the “nasty 
neighbour” hypothesis (Müller & Manser, 2007).  
 Kin selection, Hamilton’s (1964) theory of inclusive fitness, predicts that related 
individuals should act in a way to increase inclusive fitness. Kin selection is when the indirect 
fitness b gained from helping related r individuals outweighs the direct fitness c cost to the 
cooperating individual (rb > c). In territorial contests for access to mates, males can gain indirect 
fitness by reducing aggression to related individuals at a direct cost of a territory or a potential 
mate. Reduced aggression among kin can lead to the formation of kin groups or coalitions of 
related males that cooperate to access mates (Smith et al., 2010). However, when competition 
among kin is very likely reduced aggression is not always favourable (West et al., 2001).  
 Kin competition avoidance can also influence dispersal patterns, such that related 
individuals disperse to avoid a reduction of fitness due to competition. In the fig wasp, 
Platyscapa awaekei the dispersal of related males is promoted by kin competition avoidance and 
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is also influenced by body size and the number of females available (Moore, Loggenberg, & 
Greeff, 2006). So, body size and local conditions in terms of females available for mating may 
influence the dispersal of related males from natal sites. 
Bees are also capable of nestmate and sometimes kin recognition using odorous cuticular 
hydrocarbons (Flores-Prado & Niemeyer, 2010; Soro, Ayasse, Zobel, & Paxton, 2011; 
Whitehorn, Tinsley, & Goulson, 2009). However, the influence of familiarity or kinship on male-
male interactions remains largely unexplored within the taxonomic group. 
1.5 Male reproductive behaviour in the genus Xylocopa 
The male reproductive behaviour of numerous species of Xylocopa (tribe Xylocopini; 
family Apidae), the large carpenter bees, has been extensively studied. Males of the genus 
exhibit territory defence, patrolling, and lekking strategies. The males of some species even 
exhibit more than one strategy (Alcock, 1993; Barrows, 1983; Frankie, Vinson, & Lewis, 1979; 
Leys, 2000; Marshall & Alcock, 1981; Sugiura, 2008; Velthuis & Gerling, 1980; Vinson & 
Frankie, 1990).  
The predominant male mate-locating strategy in Xylocopa is territory defence at fly-ways 
or specific mating locations away from nesting sites or flowers. Males in most species attract 
females to mating sites with pheromones (Minckley, Buchmann, & Wcislo, 1991; Vinson, 
Frankie, Blum, & Wheeler, 1978). Most Xylocopa species defend territories away from nests or 
floral resources (Alcock & Smith, 1987; Frankie et al., 1979; Leys, 2000; Marshall & Alcock, 
1981; Velthuis & de Camargo, 1975), however, other species defend territories at nest entrances 
or floral resources (Barthell & Baird, 2004; Velthuis & de Camargo, 1975; Velthuis & Gerling, 
1980). Some species exhibit both territorial and patrolling strategies (Barthell & Baird, 2004; 
Leys, 2000). A phylogenetic study showed that territory defence at resources is the ancestral 
state, and there have been no reversions when species evolve non-resource defence strategies 
(Leys & Hogendoorn, 2008). 
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In Xylocopa, factors that influence territorial behaviours and interactions between males 
have not been studied in great detail. The current literature suggests that males that defend 
territories are larger than males taken from nests (Leys, 2000), and territory owners usually 
succeed in defending territories from non-owners (Sugiura, 2008). Males of X. virginica are 
larger and have more aggressive interactions at nest sites than at peripheral or flower sites further 
away (Barthell & Baird, 2004), which suggests that body size may influence territorial 
interactions, and nesting sites are more valuable as territories than other locations. 
1.6 The behavioural biology of Xylocopa virginica 
Xylocopa virginca is an excellent candidate to test whether body size, familiarity, and kin 
selection influence territorial interactions. Males defend territories at nesting sites by 
aggressively displacing other males from those areas (Barrows, 1983; Gerling & Hermann, 
1978). Males are larger at nesting sites than at sites further away (Barthell & Baird, 2004).  
Nesting sites provide strong incentives for males to hold territories there because females 
show yearly nest philopatry and live in aggregations of socially nesting females (Peso & 
Richards, 2010; Prager & Richardson, 2012; Richards & Course, 2015; Vickruck & Richards, 
2017a). Females re-use natal nests because new nests are too costly and time-consuming to 
construct (Vickruck, 2017; Vickruck & Richards, 2017a). Low availability of nesting substrate 
leads to aggregations of  >10 nests (Richards, 2011; Richards & Course, 2015) containing 2-8 
females per nest (Gerling & Hermann, 1978; Richards, 2011; Richards & Course, 2015). 
Males and females overwinter in nests as adults. Males emerge before females in the 
spring (Peso & Richards, 2011; Richards, 2011; Skandalis, Tattersall, Prager, & Richards, 2004) 
to establish territories at nesting sites or flowers (Barrows, 1983; Barthell & Baird, 2004; Gerling 
& Hermann, 1978; Prager & Richardson, 2012). Males hold territories by hovering, similar to 
other Xylocopa species (Barrows, 1983; Barthell & Baird, 2004; Prager & Richardson, 2012). 
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Males displace other males by aerially chasing other males (Barrows, 1983; Barthell & Baird, 
2004; Prager & Richardson, 2012).  
Mating opportunities occur as soon as females begin to emerge from nesting sites. Males 
have the opportunity to mate with new virgin females throughout the foraging season because 
female emergence is asynchronous (Prager & Richardson, 2012; Richards & Course, 2015). 
Males can continue to encounter females when they depart or arrive at nests during foraging trips 
during two separate provisioning phases, after which most female activity outside of nests 
subsides (Richards & Course, 2015; Vickruck, 2017; Vickruck & Richards, 2017b). Males are 
larger at nesting sites, and more interactions between males occur there (Barthell & Baird, 2004). 
Nesting sites have also been the subjects of several studies of territorial behaviours of male X. 
virginica (Barrows, 1983; Barthell & Baird, 2004; Prager & Richardson, 2012). A previous study 
by Prager and Richardson (2012) suggests that the ability of males to establish territories is not 
related to size, which conflicts with a study by Barthel and Baird (2004) that suggests larger 
males hold territories near nests. Given the conflicting reports, a more comprehensive study is 
needed to determine whether body size influences territorial behaviours in male X. virginica. 
Nestmate recognition is used by both males and females to identify familiar nestmates 
from unfamiliar non-nestmates (Peso & Richards, 2010; Vickruck & Richards, 2017b). In circle 
tube experiments two bees were placed at opposite ends of a plastic tube and allowed to interact. 
Male-male non-nestmate pairings were more aggressive than nestmate pairings, and nestmate 
pairings were more tolerant than non-nestmates (Peso & Richards, 2010). Additionally, body 
size did not correlate with intra-nest aggression in males (Peso & Richards, 2010). Peso and 
Richards (2010) suggested that nestmate recognition might influence territorial interactions by a 
‘dear-enemy’ effect (Wilson 1975), in which familiar nestmate males should be more tolerant 
and less aggressive than unfamiliar non-nestmate males. 
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Recent studies confirmed that nestmate recognition occurs in X. virginica, but that kin 
recognition does not occur (Vickruck, 2015; Vickruck & Richards, 2017b). Kin selection 
predicts that cooperation occurs when the indirect fitness gained by related individuals that 
cooperate outweighs the direct fitness gained by competing with relatives for reproductive 
opportunities (Breed, 2014; Griffin & West, 2002; Hamilton, 1964b). Female X. virginica are 
hypothesized to avoid competition with female siblings by dispersing from natal nests (Vickruck, 
2017). Kin avoidance predicts that related individuals should avoid each other due to the 
deleterious effect of inbreeding known as inbreeding depression (Breed, 2014; Lehmann & 
Perrin, 2003). To date, the influence of kin selection on territorial behaviours and interactions for 
male bees is largely unknown. 
1.7 Objectives 
I observed the behaviour of male Xylocopa virginica at two nesting aggregations in the 
spring of 2016 while males and females were active. The aggregations are in a restored landfill 
near Brock University at the Glenridge Quarry Naturalisation Site (GQNS) in St. Catharines, 
Ontario, Canada. The observations tested three major hypotheses: 1. size influences territorial 
behaviours and interactions of males, 2. familiarity influences territorial interactions, and 3. the 
avoidance of kin competition influences territorial interactions. This thesis examined these 
hypotheses using social networking, a powerful tool for examining territorial and other social 
interactions (Formica et al., 2012; Godfrey, Anasri, Gardner, Farine, & Bull, 2014; Krause, 
Croft, & James, 2007). 
Female departures and arrivals determined territory quality, rather than where males 
hover, which Prager & Richardson (2012) reported in a previous study. I compared the locations 
of high-quality territories to where male behaviours occur to determine whether or not males 
defend territories with a better chance to encounter mates. Furthermore, territory quality is 
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usually defined by the number of female visits (Alcock & Houston, 1987; Severinghaus et al., 
1981) to resources valuable for survival and reproduction. 
I predicted that large males would hold territories more often and be more aggressive 
than smaller males because large body size confers an advantage territorial ownership for other 
bees (Alcock et al., 1977; Severinghaus et al., 1981). Also, the average size of male X. virginica 
is larger at nesting sites than at sites further away (Barthell & Baird, 2004). I also tested the 
predictions made by Peso and Richards (2010) that familiar male nestmates should be less 
aggressive to each other than to non-nestmates in territorial interactions. Finally, I predicted that 
siblings should have reduced aggression to each other than to non-siblings, which influences 
vertebrate species (Silk, 2002; Smith et al., 2010), but is unknown in male bees. 
2 Methods 
2.1 Description of the field sites and timing of study 
Fieldwork took place from 5 May - 29 June 2016 in the Glenridge Quarry Naturalization 
Site (GQNS), 1860 Sir Isaac Brock Way, St. Catharines, Ontario, Canada. The GQNS is a 
restored landfill with many flowering plants. X. virginica nest inside five wooden bridges at 
different locations in the park (Figure 1). The present study focused on the bridges with the most 
nests, bridges D and F. Figure 1 shows the location of bridges D and F in the GQNS.  
Figures 2a and 2b show views of bridges D and F from the southern side of each bridge. 
Nest entrances were labelled with a unique number directly on each bridge on 21 April 2016 
before the emergence of any bees. Females constructed two new nests under bridge F after the 
initial census. The sites are discussed further in the methods on male behaviours. Before the 
emergence of bees in the spring, a permanent marker was used to indicate different spaces 
(referred to as ‘locations’ hereafter) around each bridge. Figure 3 shows an aerial view of each 
bridge with locations that were labelled A – R. These locations were used to record where males 
were during territorial observations. 
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Figure 1: An aerial view of the Glenridge Quarry Naturalization Site. Arrows point to the approximate locations 
of bridges D (43.122518, -79.240334) and F (43.124340, -79.233926). The ortho-mosaic image credit goes to 
the Ministry of Transportation – Ontario. 
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Figure 2a and 2b: Side views of bridges D (left) and F (right) containing Xylocopa virginica nests. The numbers indicate the number of nests under 
each section of the bridge. Dotted lines are artificial divisions that show where females preferred to nest. At bridge D there were 25 nests underneath 
the south side of the bridge and one under the north side. At bridge F there were 12 nests underneath the south side of the bridge and 12 under the 
north side.  
a. b. 
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Figure 3: The aerial views of bridges D (left) and F (right) located in the Glenridge Quarry Naturalization Site. Dotted lines indicate the boundaries 
of each location used to record male behaviours. The sides called north and south in Figure 2 are similarly labelled. These bridges were 570 m apart.  
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2.2 Bee capture, size measurement, and marking techniques 
Peso traps were made from plastic beverage cups and plastic wrap with a hole cut in the 
base. Velcro was attached to the base of the cup leaving the hole exposed. The traps were 
attached to Velcro placed on either side of each nest entrance. Plastic wrap was secured in place 
by an elastic that band covering the open side of the cup. Modelling clay placed around the base 
or the cup where it attached to the nest entrance further prevented bees from escaping. Traps 
were set up upon arrival to a study site each morning and removed at the end of the day. The 
traps allowed the capture of each bee when it left the nest, and delayed bees from entering nests 
before being recorded.  
After capture, each bee was placed on ice to arrest movements. After cooling each bee I 
removed the right mesothoracic tarsus, which I repeated for every male and female (discussed in 
detail in the molecular methods). Measurements of each bee for head width (HW), inter-tegular 
width (ITW), and costal vein length (CVL) were taken using a digital caliper (Figure 4). The 
wings of each bee were scored for wing wear (WW) from 0 – 5, such that zero represents no 
wear with wing margins that are completely intact, and five represents wings that have 
completely obliterated wing margins. A hand magnifier (10x magnification) was used to 
visualize the wings.  
Paint-markings were used to differentiate individual bees from each other during 
observations. To do this, each bee was marked with Testors brand enamel paints on the thorax 
between the tegulae and on either the head behind the ocelli or on the 4th tergite. Disposable 
plastic pipettes were used to dab a small amount of paint directly onto the thorax. Colours read 
from left to right, thorax colours first followed by the head or abdomen marks. Easily identifiable 
colour combinations marked each bee. For example, if red-blue identified a bee, then a mark of 
blue-red was not used on any other bee. The colour codes used for males were reused for females 
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since males have a distinct white square marking on their faces, whereas females have 
completely black faces. Each newly marked bee was placed back into the nest entrance from 
which it emerged. Bees were re-marked if paint wear made a bee too difficult to identify from ~3 
m away. Tergites required more frequent remarking than heads and thoraces. 
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Figure 4: This diagram shows the approximate placement of a digital caliper that I used to measure the head width (HW), inter-tegular width (ITW), 
and costal vein length (CVL) in millimetres. 
HW ITW 
CVL 
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2.3 Observations of male behaviour 
Two observers watched male behaviour, one on either side of the bridge. The position of 
observers frequently changed because observers moved to let bees in and out of nests throughout 
a day of observations. An ordered scan sampling method was used to record male behaviours in 
each location at bridge D and F (Figures 3-4). Recordings of male behaviours occurred in the 
order of observation during 1-minute scans every 10 minutes on the dates and times discussed on 
page 29. 
Table 1 is an ethogram that provides descriptions of male X. virginica behaviours and 
hyperlinks to show video examples of each behaviour when possible. The male behaviours used 
in analyses presented are hovering, male-male chases, copulations, and mating attempts. 
Hovering is a territorial behaviour, in which males fly in place about ten to twenty centimetres 
above the ground. A male was considered to be the territory owner of the location, at which it 
was hovering (Figure 3). Male-male chases consisted of the pursuit of one male by another. 
Male-male chases were aggressive interactions in defence of or to acquire territory. Successful 
copulations happened when a male pounced on a female and abdominally thrust for longer than 
~2 s. Mating pairs sometimes flew very high into the air, and other pairs landed on the ground. 
Unsuccessful mating attempts happened when a male pounced on a female but was quickly (<2 
s) dislodged by the female before abdominal thrusting could occur. Female guarding occurred 
when a female landed on the ground after a copulation or mating attempt. Sometimes the male 
from the interaction closely hovered near the female that had landed on the ground. Males did 
not attempt to mate with females that were still on the ground, but when the female started to fly 
away, the male then pursued to attempt to mate again. When a female landed, males defended 
females and chased other males away just as they do when in a territory around the bridge.   
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Table 1: An ethogram of male Xylocopa virginica behaviours observed in 2016. The total number of male behaviours and frequency for each 
behaviour relative to the number of ordered scan samples (1487 ordered scan-sampling points). Hyperlinks and timestamps of videos are provided to 
show examples of behaviours when possible.  
Behaviour by focal male Definition Frequency of 
behaviour 
(percentage of 
sampling points) 
Hyperlink & timestamp 
Territorial behaviours 
 
   
Hovering Stationary flight 10-20cm above the ground; usually 
facing nesting substrate sometimes pivoting in place. 
Flight sometimes drifts side to side.  
938 (63.1) youtube.com/watch?v=-
0EWk0LGzps 0:00-0:05, 
0:10-0:15, 0:45-0:53, 1:04-
1:40 
 
Loop flights Quick circular or figure-8 flights that start and finish at 
a hovering position. The size of loops appeared to be 
quite variable.  
 
118 (7.9) youtube.com/watch?v=-
0EWk0LGzps 0:54, 0:58-
1:00 
Male-male interactions 
 
   
Chase A rapid darting flight in pursuit of a nearby male. 
Contact was sometimes made between males.  
 
108 (7.3) youtube.com/watch?v=-
0EWk0LGzps 0:16-0:19 
Flee A quick flight to escape the aerial pursuit of another 
male. 
108 (7.3) youtube.com/watch?v=-
0EWk0LGzps 0:16-0:19 
Fight 
 
Mid-air grappling of legs with another male. 4 (0.3) N/A 
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Male-female interactions 
 
   
Chase (female) 
 
The male pursuit of a female (see the description of 
Chase). 
1 (0.0) See male-male chase video 
Copulation Pouncing on a female followed by abdominal thrusting 
lasting longer than ~2s. Two types: 1. Females carried 
high into the air during intercourse, and 2. a mating 
pair landed, and intercourse continued.   
 
16 (0.1) youtube.com/watch?v=6L
mkKX3FMtI 0:00-0:14 
Mating attempt Pouncing on a female that was quickly dislodged by 
the female. Females sometimes land after rejecting 
copulation.  
 
15 (0.1) N/A 
Female guarding Hovering facing a landed female at a very close 
distance ~5-10cm. The female was a mate when the 
behaviour followed copulation. 
 
Video evidence 
only 
youtube.com/watch?v=iH2
o76ndPlc 0:00 – 0:41. 
youtube.com/watch?v=4T
BJOBfwjuA 0:00 – 1:04. 
Non-territorial behaviours 
 
   
Searching 
 
Side-to-side flights very close to nest entrances. 67 (4.5) N/A 
Rest Stationary and on the ground, sometimes with 
abdominal pumps. 
 
12 (0.1) youtube.com/watch?v=Zo
u5P5WV2Rk 0:00 - 0:18. 
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During the hovering behaviours, there was little difficulty identifying males as the males 
were typically hovering in the same areas prior to each one-minute scan. However, some male-
male chases occurred too quickly to observe the colour code of each male. These accounted for 
26 out of 134 (19%) male-male chases. Each male was identified in the other 108 (81%) male-
male chases. There were also a few copulations and mating attempts, in which the colour code of 
either the male or female could not be identified. This only occurred for copulations or mating 
attempts in which the pair flew high into the air in a short amount of time making it impossible 
to see the paint markings because the paints were not visible from below. Neither the male nor 
the female could be identified in 4 out of 16 (25%) successful copulations and in 5 out of 15 
(33%) unsuccessful mating attempts.  
All behaviours except copulations and mating attempts were recorded using the ordered 
scan sampling method described above. The day, time, order, sex of the bee, colour code, 
location in which the behaviour occurred (Figure 3), and the behaviour were recorded. In 
interactions (male-male chases, copulations, and mating attempts), the colour code of the second 
bee was also recorded.  
Observations of males were held on nine days at each bridge (Bridge D: 7, 12, 22, 23, 26, 
28 May and 1, 2, 9 June 2016; Bridge F:  11, 19, 21, 24, 25, 30, and 31 May and 3 and 6 June 
2016). At Bridge D, males disappeared after 9 June, but observations of females continued 
during 14, 18, and 24 June. At bridge F, males disappeared after 6 June, and observations of 
females continued during 10, 15, 18, 21, and 29 June. The following days were too cold for bees 
to fly: 5, 8, 9, 14 – 18, and 20 May. Severe seasonal allergies prevented (me from conducting) 
fieldwork on 27 and 29 May. On days when males were active, observations were from 0900 hrs 
– 1700 hrs. On warmer days observations started as early as 0700 hrs. Daily observations ended 
after 45 min with no males defending territories. Observations of females were limited to 4 hours 
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per day after 9 June. The tenure of each male is the number of days elapsed between the first and 
last observation of each male. A timeline was constructed to show the tenure of activity for each 
male over the study period. Similar data for females are in the Appendix (Figures S1 and S2).  
2.4 Departures and arrivals of females to nests 
I recorded all the departures and arrivals of females to nests at bridges D and F on the 
days listed on page 29. The total number of arrivals and departures of females to and from nests 
at either bridge was used to estimate the rate at which males could have encountered females. 
The departures and arrivals of females to nests in spatial locations (in Figure 2) were recorded to 
determine if males hold and defend territories in the same areas. Departures and arrivals of 
females, as well as the time, location, nest, and colour code of each female, were recorded. Nests 
that females never departed or arrived at were considered to be unoccupied. The total number of 
departures and arrivals per female per nest are in the Appendix (Table S1a, b).  
2.5 Microsatellite genotyping methods 
The right mesothoracic tarsus of each bee was removed before marking and measuring 
individuals. Each tarsus was placed into a 1.5 mL microfuge tube containing 0.5 mL of sterile 
distilled 100% ethanol. An individual identifier (ID) on each tube (bee) indicated the aggregation 
and nest each bee emerged from. Tarsal samples were stored in a cooler of ice until the end of 
each day when samples were transferred to a -20 °C freezer.  
DNA was extracted from each tarsal sample using Chelex 100 Resin (Bio-Rad 
Laboratories Inc.) described by Casquet et al. (2012). First, the ethanol was removed from each 
tube by drying the samples in an incubator at 45°C for 4-6 hours. Then 150 µL of 10% Chelex 
solution and 10 µL of Proteinase K were added with a micropipette to each microfuge tube 
containing a dry tarsus. The 10% Chelex solution was 14.4 mL of Milli-Q H2O with 1.4 g of 
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Chelex 100 Resin (Bio-Rad Laboratories Inc.). Tubes were then sealed and incubated at 55°C for 
6-8 hours, and each sample was vortexed every 1-2 hours until completion. Completed 
extractions were stored at 4°C for samples amplified the same week, or at –20°C for samples 
used later.  
Genomic DNA was amplified at eight microsatellite loci using markers described by 
Vickruck (2015), and Vickruck and Richards (2017a, 2017b). Each DNA sample was amplified 
with a 15 µL PCR reaction using 40-70 ng of DNA, 1 unit of Taq polymerase (New England 
Biolabs), 1 x thermobuffer (New England Biolabs), 0.2 mM dNTPs, 0.2 µM forward, and 0.2 
µM reverse primer. Each forward primer contained a poly-A fluorophore, 56-FAM or HEX. The 
PCR conditions for XV7, XV24, XV27, and XV30 were 95°C for 3 min, 40 cycles of 94°C for 
30 s, 55°C for 30 s, and 72°C for 30 s. The other four markers, XV3, XV39, XV42, and XV43 
required a similar protocol with an annealing temperature of 52°C instead of 55°C. I excluded 
the ninth marker used by Vickruck and Richards (2017a, 2017b) because it did not consistently 
amplify male genomic DNA. Electrophoresis of each PCR product was conducted using an ABI 
(Applied Biosystems) 3730xl analyzer at the Peter Gilgan Centre for Research and Learning 
Genetic Analysis Facility. Each run contained positive and no-template control for whichever 
locus was used to account for variation between reactions. Alleles were manually called using 
the free software, ABI Peakscanner 2.0.  
After all behavioural observations were complete, sibships were identified using 
COLONY version 2.0.6.4 (Jones & Wang, 2010). Both males and females were included in 
analyses to calculate allele frequencies used by the software. The software assigned sibships 
based on assumptions of random mating, polygamous male and female parents, and haploid 
males and diploid females using the very high likelihood method in COLONY. The sibship 
assignment analyses used an allele mistyping rate of 0, which is considered a very conservative 
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estimate. Individuals from bridges D and F were analyzed separately. Each analysis includes the 
bees caught while flying. Males that had a probability of 80% or higher that they shared a mother 
(estimated in COLONY) were considered to be siblings. Males that emerged from the same nest 
were considered to be familiar.  
Table S2 (see Appendix) presents the genotypes of 180 bees, 176 with genotypes at all 
loci, 90 males and 86 females. One male and three females from unknown nests were not able to 
be genotyped due to time constraints. Table 2 indicates the percentage of genotyping success for 
males and females at each locus. Five of the 90 males did not include alleles at all loci. Those 
five males had loci with either a low concentration of DNA or null alleles. Male-male sibships 
were estimated in COLONY (Appendix; Table S3) to determine if kin avoidance influences 
territory holding patterns and territory defence for male X. virginica. Male-female relationships 
were calculated, but not reported or used in social network analyses. 
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Table 2: The percentage of genotyping success for 90 out of 91 males and 86 out of 89 females 
for each locus.  
Locus Percent 
genotyping 
success – males 
(%) 
Percent 
genotyping 
success – 
females (%) 
Percent 
genotyping 
success - males 
& females 
XV3 
 
98.9 97.7 98.3 
XV7 
 
98.9 100.0 99.4 
XV24 
 
98.9 100.0 99.4 
XV27 
 
98.9 98.8 98.3 
XV30 
 
98.9 100.0 99.4 
XV39 
 
97.8 97.7 97.7 
XV42 
 
98.9 80.2 89.8 
XV43 
 
100.0 91.9 96.0 
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2.6 Statistical analyses 
Statistical analyses were conducted in R v3.4.2 (R Core Team, 2017); R Studio v1.2.91 
(RStudio Team, 2016). I used Shapiro-Wilks tests to analyze the normality of body size 
measurements. All analyses with body sizes were conducted with parametric and non-parametric 
statistics for normal and non-normal data. A principal components analysis was conducted using 
scaled size measurements with the prcomp function from base R to determine how size 
measurements are correlated provide a univariate measure of body size. I used linear regression 
models to analyze the influence of body size on hovering rates, how many neighbours (that 
hovered 1-2 contiguous spaces away) each male had, and male-male aggression (how often 
males chased or fled from each other).  
Social networks of hovering and chase-flee behaviours were used to test the following 
predictions: 1. size influences territorial behaviours and interactions (resource-holding potential) 
in X. virginica, 2. nestmates are less aggressive to each other than to non-nestmates, and 3. 
siblings are less aggressive to each other than to non-siblings. Adjacency matrices were 
constructed from ‘interactions’ between dyads of males. In the hovering matrix, an interaction 
connects marked males that hovered within 1-2 contiguous locations to each other. For instance, 
in Bridge D, location E is two spaces away from F and one space away from EF (Figure 3). 
Hovering interactions are indirect, so a symmetric adjacency matrix was used to construct an 
undirected network. The chase matrix included all chase-flee interactions. An asymmetric matrix 
was used to construct a directed network to distinguish the male that initiated a chase from the 
male that fled. 
Matrices were imported into R with the network package to create a network object. 
Network statistics were calculated in R using several social network packages, sna v2.4 (Butts, 
2016), network v1.13.0 (Butts, 2008, 2015), and igraph v1.1.2 (Csardi & Nepusz, 2006). The 
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thickness of network edges (lines) represent the number of interactions between dyads, such that 
thick lines are more interactions and thinner lines are fewer interactions. In each network nodes 
represent individual male bees. Edges (lines and arrows between two nodes) indicate interactions 
between dyads. Males that did not interact did not have a line connecting them. Social networks 
were visualized with ggnet2 in the package GGally v1.3.2 (Schloerke et al., 2017) an extension 
of ggplot2 v2.2.1(Wickham, 2009) using the Fructerman-Reingold force-directed algorithm (a 
common algorithm to visualize the ‘central’ nodes) to place nodes. This placement method was 
entirely based on the number of interactions between males and is not a reflection of where bees 
were in space.  
In social networks, the males with the greatest resource-holding potential should be 
central with many interactions (edges) with other males. I predicted that the males with more 
resource-holding potential should be larger in body size males than males with lower resource-
holding potential. So, large males should have more hovering observations and more aggressive 
interactions than smaller males while defending territories. The dear-enemy hypothesis predicts 
that nestmates should be less aggressive to each other than to non-nestmates. So, nestmates 
should have fewer chase-flee interactions in the chase network than non-nestmates. Kin 
competition avoidance predicts that siblings should not connect to each other in either social 
network. I used multiple linear regressions to analyze how body size influenced the hovering rate 
of males, the number of connections, and male-male aggression during territorial interactions. 
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3 Results 
3.1 Male quality 
3.1.1 Seasonal timing of male territorial activity 
Of the 91 males of X. virginica that were caught at bridges D and F from 6 May – 1 June 
2016, 44 emerged from bridge D, 37 emerged from bridge F, and the nest of emergence was 
unknown for an additional ten males caught on the wing (while flying) near bridge D. Males 
were first observed on 6 May at bridge D and on 10 May at bridge F.  
Figure 5 shows the timing of male emergence, disappearance, and the number of males 
that remained present from the beginning of May until the end of June. Also shown in Figure 5 is 
the emergence of new females. Most of the males emerged earlier than females. Nearly all the 
males disappeared before many females had emerged. Female emergence is discussed further in 
the following section on territory quality.  
Figures 6 and 7 show male tenure at bridges D and F, respectively. After emerging, males 
were present for an average of 11 ± 8 days before disappearing, which ranged from ≤ 1 – 35 
days. The male that was present the longest (colour code: OG) emerged on 6 May and 
disappeared after 9 June. The same male was missing a large part of its right wing and parts of 
both antennae on 9 June. The male present for the least amount of time died ten minutes after 
emerging (colour code: YYd) on 6 May, which is the only recorded death of any male. In total, 
14 males disappeared the next day after being marked. 
Male activity started as early as 0800 hrs and ended as late as 1800 hrs. Males were 
outside of the nests for an average of 2 hrs 53 min ± 2 hrs 50 min, which ranged from less than a 
minute to 10 hrs 10 min. 
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Figure 5: The cumulative number of emerging and disappearing males (red and black, respectively), total males present (green), and emerging 
females (blue). The total number of males that were present is equal to the number of males that emerged minus the number that disappeared. The 
points represent each day that observations were held from 6 May to 29 June 2016.  
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Figure 6: Most males from bridge D are present from the day they emerged until nearly all males disappeared 
(after 23 May). Points represent days that a male was observed, and the line represents the approximate tenure 
of that male starting as early as 5 May to as late as 9 June 2016.  
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Figure 7: Most males from bridge F are present from the day they emerged until most males disappeared (after 
26 May). Points represent days that a male was observed, and the line represents the approximate tenure of that 
male emerging as early as 9 May until they disappeared as late as 2 June 2016. 
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3.1.2 Male size variation 
Figure 8 shows the distributions of male body size for head width, inter-tegular width, 
and costal vein length. The head width of males was from 5.7-6.6 mm with a median of 6.3 mm. 
Male costal vein length ranged from 6.3-8.1 mm with a median of 7.3 mm. Male inter-tegular 
width ranged from 4.7-6.6 mm with a median = 5.8 mm. All male size measurements were 
positively correlated with each other size measurement (head width/costal vein length; Pearson r 
= 0.39, P = 0.000, head width/inter-tegular width; Pearson r = 0.27, P = 0.008, d.f. = 90, and 
costal vein length/inter-tegular width; Pearson r = 0.37, P = 0.000, d.f. = 90). 
Principal component 1 of a principal components analysis of male head width, inter-
tegular width, and costal vein length was the only component with an eigenvalue greater than 
one. Each size measurement loaded similarly on principal component 1 which explained 56.5% 
of the variance in body size (Table 3; Figure 9). Since each size measurement loaded similarly 
on principal component 1, all further analyses use the scores for principal component 1 as a 
measurement of overall body size. The principal component 1 scores were multiplied by negative 
one so that larger scores represent larger body size and vice versa for smaller scores and body 
sizes. Males that emerged from bridge D are not significantly different in body size from males 
that emerged from bridge F (Kruskal-Wallis; Χ2 = 2.02, d.f. = 1, p = 0.155). Males that emerged 
early (marked on or before 12 May) did not differ in terms of body size from males that emerged 
later (marked after 12 May; Kruskal-Wallis; Χ2 = 0.003, d.f. = 1, p = 0.953). Males that 
disappeared by 12 May were not significantly different in size from males that were still present 
after 12 May (Kruskal-Wallis; Χ2 = 0.104, d.f. = 1, p = 0.747). 
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Table 3: The head width, inter-tegular width, and costal vein length of male Xylocopa virginica 
is correlated along principal component 1, which explains over half of the variation in body size. 
Also shown are the factor loading values for the non-significant second and third principal 
components (PC) of body size.  
Size measurement PC 1 PC 2 PC 3 
Head width (HW) -0.565 0.666 -0.487 
Inter-tegular width (ITW) -0.552 -0.744 -0.377 
Costal vein length (CVL) -0.614 0.056 0.788 
Eigenvalue 1.69 0.725 0.580 
Proportion of variance 
explained 
 
56.5 
 
24.2 
 
19.3 
 
Cumulative proportion of 
variance 
 
56.5 
 
80.7 
 
100.0 
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Figure 8: The distribution of head width (left), costal vein length (middle), and inter-tegular width (right) for all the males used in the study. 
Each size distribution is non-parametric. Means and median are represented by red (dotted) and blue (solid) lines respectively. 
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Figure 9: Male body size is correlated along principal component 1 of a principal components analysis that included male head width 
(HW), inter-tegular width (ITW), and costal vein length (CVL). Principal component 2 is not significant, so all further analyses use 
principal component 1 (Dim1) scores as a measure of overall body size. Percentages show the proportion of variance explained for 
principal component 1 and 2 (Dim1 and Dim2). The eigenvectors of each size measurement point in the direction of increasing size.  
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3.2 The territory quality of female aggregations 
Heatmaps in figure 10 show where males were most likely to encounter females at 
locations around each bridge. Locations E, EF, and F at bridge D and locations E, EF, F, LK, and 
K are likely the highest-quality places for males to encounter females. There is a significant 
positive correlation between the number of departures and arrivals of females and the number of 
nest-entrances in each location for both bridges combined (Pearson r = 0.96, d.f. = 45, p = 
<0.001). There is also a significant positive correlation between the departures and arrivals of 
females and the total number of females that emerged from nests (Pearson r = 0.96, d.f. = 45, p = 
<0.001), which is identical to the previous correlation. Nests and the number of females in a 
location are similarly correlated as well (Pearson r = 0.96, d.f. = 45, p = <0.001). Thus, in 
Xylocopa virginica aggregations more nests mean more females that will emerge and make 
departures and arrivals to nests, which represent more mating opportunities for males. 
Mating opportunities probably started after the first female emerged from overwintering 
on 6 May, which coincided with when males started to emerge (Figure 5). By 12 May only 8 
(15%) females emerged, at which point nearly all males emerged and several males already 
disappeared. By 26 May a total of 59 (66%) of females emerged, which was the day most males 
disappeared (Figure 5). Therefore, the remaining females that emerged may not have had an 
opportunity to mate. New females continued to emerge until the 24 June well after all the males 
disappeared (9 June). Females that rarely depart nests could not be marked (Vickruck, 2017; 
Vickruck & Richards, 2017b), so there were more females present at either bridge than the 
number of females recorded. 
Table 4 provides a comparison between bridges regarding the number of nests and the 
number of females. Bridge D had more nest entrances than bridge F. Some females seldom left 
nests, and others relocated to the other bridge. Table 4 also shows the average number of females 
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per nest. There was no difference in number of females per nest between bridges (two-sample t-
test; t = 0.805, d.f. = 48, P = 0.212).  
The number of departures and arrivals of females to nests per total hours of observation 
each day increased from 7 May until reaching a maximum on 2 June. The overall pattern of 
encountering a female is similar between bridges with low encounter rates in early May. Mating 
opportunities peak from 28 May – 3 June. There is a moderate amount of mating opportunities 
from 6 June – 24 June, and mating opportunities dwindled on 29 June, after which observations 
ended (Figure 11). The 29th of June also coincides with the end of brood provisioning phase for 
females according to a multi-year study by Vickruck (2017), so there would be little need for 
males to attempt to mate beyond that point. 
Figure 12 describes the number of departures and arrivals of females during each hour of 
for all days to determine when males could encounter females. Males could encounter females 
from as early as 0700 hrs until as late as 1800 hrs. The total number of hourly departures and 
arrivals of females increased until 0900 hrs and then decreased throughout the day. Thus, males 
were more likely to encounter females early in the morning with opportunities to encounter 
females decreasing slowly throughout the day. Male-days started about an hour later than 
females but lasted as late as female-days.  
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Figure 10: The locations E, EF, and F at bridge D and locations E, EF, F, LK, and K are the best places for 
males to encounter females for mating opportunities. The saturation of red represents the quality of a location to 
males increasing in quality from completely white to red every 10 percentiles relative to each heatmap. The 
number of nest entrances includes occupied and unoccupied nests. Values for departures and arrivals include all 
entries and exits from nests from 7 May to 29 June 2016.   
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Table 4: Bridge D is a higher-quality location for males to find females than bridge F since there 
are more females. The number of females per nest is not significantly different between bridges 
D and F. Since bridge D had more females it is most likely the best place for males to encounter 
mates. The table lists the number of nest entrances, nests females used, marked females, females 
that disappeared, the number of females that moved between bridges, and mean a number of bees 
per nest, which includes both males and females.  
Category Aggregation  
Bridge D 
mean (± std) 
Bridge F 
mean (± std) 
Total 
 
Nest entrances 26 24 48 
    
Nests that females 
departed or entered 
21 18 39 
    
Marked females 53 36 89 
    
Females not 
recaptured 
2 3 5 
    
Females recaptured 
at the other bridge 
5 12 17 
    
Females that stayed 46 21 67 
    
Females per nesta 1.9 (± 1.9) 1.5 (± 1.8) 1.7 (± 1.9) 
    
Males per nestb 1.7 (± 3.0) 1.5 (± 2.0) 1.6 (± 2.5) 
    
Total bees per nestc 3.6 (± 4.1) 3.0 (± 3.3) 3.3 (± 3.7) 
    
a. The sample size of females, n = 86 because three females were caught on the wing; all at bridge D 
b. The samples size of males, n = 81 because ten males were caught on the wing; all at bridge D 
c. The sample size for all bees, n = 167 because 13 total bees were caught on the wing; all at bridge D  
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Figure 11: More females depart and arrive at nests at bridge D (green) than F (blue; Top). The number of 
departures and arrivals of females is highest after most males disappeared (after 26 May; bottom), which should 
have been the best time for males to gain mating opportunities with many females. Departures and arrivals of 
females to nests per the total hours of observations for each day at bridges D (green) or F (blue) from 6 May – 
29 June 2016 because observation effort was reduced to four hours each day after 9 June 2016. 
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Figure 12: Females made frequent departures and arrivals to nests throughout each day of study from 6 May – 
29 June 2016. All departures and arrivals of females to and from nests are represented on the figure to show that 
the timing of males establishing territories each day should coincide with the flights of females to and from 
nests.  
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3.3 Male behaviours and interactions occur in high-quality territories 
The heatmaps in Figure 13 show that males established and defended (by chasing other 
males) hovering territories in high-quality locations in terms of mating opportunities. The 
number of nests in a location is positively correlated with the number of males that hovered in a 
location (Pearson r = 0.84, d.f. = 45, P = <0.001), the number of hovering observations of all 
males in a location (Pearson r = 0.78, d.f. = 45, P = <0.001), and the number of chase-flee 
interactions in a location (Pearson r = 0.90, d.f. = 45, P = <0.001). The number of females that 
emerged is positively correlated with the number of males that hovered (Pearson r = 0.76, d.f. = 
45, P = <0.001), the number of hovering observations of males (Pearson r = 0.77, d.f. = 45, P = 
<0.001), and the number of chase-flee interactions (Pearson r = 0.92, d.f. = 45, P = <0.001). The 
number of departures and arrivals of females for each location is also positively correlated with 
the number of males (Pearson r = 0.78, d.f. = 45, P = <0.001), the number of hovering 
observations of males (Pearson r = 0.71, d.f. = 45, P = <0.001), and the number of chase-flee 
interactions (Pearson r = 0.87, d.f. = 45, P = <0.001). Thus, male behaviours occur where males 
are likely to encounter females for mating opportunities. More specifically, locations E, EF, and 
F at bridge D and E, EF, F, K, LK, and L at bridge F are the best places for males to establish 
and defend territories to mate.  
Males also established hovering territories peripheral to the high-quality territories. 
Peripheral territories included the top of each bridge, next to Sumac trees and along a walking 
path at bridge F (locations M and NO), and near a rock, a rosebush and near a telephone pole at 
bridge D (location P, G, and Q). Only one male was ever observed hovering in the middle of 
either bridge (locations AB and CD). 
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Figure 13: Males established and defended territories that are high-quality locations (E, EF, and F at bridge D 
and locations E, EF, F, LK, and K at bridge F) for mating opportunities with females. The saturation of red 
represents increasing values for each measure of territorial male behaviours increasing from completely white to 
red every 10 percentiles relative to each heatmap. The total number of possible males is 91 (top). All the hovers 
and chase-flee interactions are represented in the middle and bottom sets of heatmaps, respectively.
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3.4 Copulations and mating attempts 
Of the 16 successful copulations, 12 were between a marked male and marked female, 
and 4 had a marked male, but the female was unknown. The latter 12 copulations involved seven 
different males and ten different females. One male mated with three different females. Three 
males mated with two females. Five males mated with one female, and one male mated twice 
with unknown females (that may or may not have been the same female). Two females mated 
two different males, eight mated once, and the female was unknown in four successful 
copulations. An additional 10 out of 15 mating attempts involved a marked male and female. 
One male successfully mated and made a separate unsuccessful mating attempt. Another male 
attempted to mate five times with four to five different females, three marked females, and two 
unmarked females (that may or may not have been different females). Two females successfully 
mated, after which each rejected the next mating attempt. Even though the total number of 
observed copulations is low, both males and females can and do mate multiply if the opportunity 
arises. 
3.5 The distribution of male nestmates and siblings for nests at each bridge 
Males overwintered in 12 of 26 nests at bridge D and 10 of 24 nests at bridge F. So, only 
half of the nests produced males. The number of males per nest was not different for either 
bridge (two-sample t-test; t = 0.211, d.f. = 44, P = 0.417; Table 5). In all, 75 (82%) males 
overwintered with at least one male nestmate, 6 (7%) males overwintered without a male 
nestmate and 10 (11%) males did not overwinter at bridge D or F (Table 5).  
COLONY assigned at least one brother to thirty-four different males of out 90 genotyped 
males (Tables SX and SX). The number of brothers per sibship ranged from two to six. Table 7 
describes the overwintering patterns of brothers. At bridge D, 11 males that overwintered with a 
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brother, seven males overwinter separate from its brother(s), and 26 males did not have a brother. 
At bridge F, eight males overwintered with a brother, two males overwintered separate from its 
brother(s), and 27 males did not have male siblings. Of the ten males caught while flying, four 
had brothers and must have overwintered in a nest at another aggregation, and six did not have a 
brother. So, 59% of males overwintered in the same nest as a brother, meaning that 41% of males 
dispersed from their brothers before overwintering. The implications the sibships assigning 
males that overwintered from different nests as brothers is discussed later. Nonetheless, I 
proceeded with analyses using brothers estimated from COLONY. 
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Table 5: The results of the COLONY sibship assignments imply that several males overwintered 
in nests apart from brothers. There are also few brothers. Values are reported for bridges D and 
F, males that were caught on the wing (Unknown), and the totals for all males. Percentages or all 
males reported in parentheses.  
Variable Bridge D (%) Bridge F (%) Unknown (%) Total (%) 
Overwintered 
with a brother  
 
11 (12) 8 (9) -- 19 (21)  
Overwintered in a 
separate nest from 
a brother 
 
7 (8) 2 (2) 4 (4) 13 (14) 
Subtotal (males 
with 1 or more 
brothers) 
 
18 (20) 10 (11) 4 (4) 32 (35) 
Males without 
brothers 
 
26 (29) 27 (30) 6 (7) 59 (65) 
Total  44 (48) 37 (41) 10 (11) 91 (100) 
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3.6 How does body size, familiarity, and male siblings influence male behaviours 
and interactions? 
3.6.1 Influence of size on hovering 
Figure 14 shows the hovering frequencies all of 91 males. Some males never hovered, but 
others hovered from one to over fifty times. Figure 15 shows that males that hovered at least 
once are significantly larger than males that never hovered (Kruskal-Wallis; Χ2 = 13.96, d.f. = 1, 
P = <0.001). A linear regression showed that body size has a weak positive influence on the 
hovering rate of each male from 6 May – 26 May 2016 before most males disappeared (F1,89 = 
20.26, adjusted R2 = 0.176, P = <0.001). Figure 16 shows the hovering rates of males plotted 
against body size along with the regression line. The ANOVA and regression coefficients for the 
linear model are presented in Table 6.  
Figure 17 shows that less than half of all males had at least one neighbour that hovered 1-
2 contiguous spaces nearby. A linear regression showed that body size also has a weak positive 
influence on the number of males each male hovered near (F1,89 = 19.21, adjusted R
2 = 0.168, P = 
<0.001), meaning that large males had more neighbours than smaller males (Figure 18). The 
ANOVA residuals and regression coefficients for the linear model are presented in Table 7. 
Figure 19 shows the social network constructed from the subset of males that hovered 1-2 spaces 
away from each other. There are very few males in the bottom two quartiles represented in the 
network. Only 40 out of 91 (44%) males are represented with 372 out of 1482 possible 
connections between the males (normalized centralization = 0.251; 25.1% of possible 
interactions) in the hovering network. Two distinct clusters of males separated because the males 
from each respective bridge interacted more with each other than with males from the other 
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bridge. The two large clusters of males at bridges D or F connected by interactions between 
males from bridge D and males from bridge F.  
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Figure 14: Approximately half of the 91 males hovered at least once, and the other half never hovered (top and bottom). Two males represented in 
the bottom histogram monopolized hovering territories after most males disappeared after 26 May until the remaining males disappeared after 9 June 
2016 (top before most males disappeared; bottom includes dates after most males disappeared).   
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Figure 15: Males that hovered at least once (right box) are larger than males that never hovered 
(left box) for dates before most males disappeared (6 May to 26 May 2016). 
 
  
58 
 
Figure 16: Body size (using principal component 1) has a weak positive influence on the hover rates of males. Each point represents an individual 
male. The regression line of hovering rates predicted by body size is also presented in the figure. 
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Table 6: Body size (using principal component 1) had a significant influence on male hovering 
rates. ANOVA results and regression coefficients are presented for the linear model of hovering 
rates predicted by body size.  
Residuals: d.f. Sum sq. Mean sq. F value P(>F) 
Body size 
PC1 
1 3105.4 3105.4 20.26 <0.001 
      
Residuals 89 13639.1 153.3   
      
Coefficients: Estimate Std. Error t value P(>|t|)  
(Intercept) 7.87 1.30 6.06 <0.001  
      
Body size 
PC1 
4.51 1.00 4.50 <0.001  
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Figure 17: Over half of the total number of males never hovered near another male and the rest hovered near one to fourteen other males. The number 
of hovering neighbours represents the total number of neighbours from 6 May to 9 June 2016 (until all males disappeared).  
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Figure 18: Body size (using principal component 1) has a weak positive influence on how neighbours that hover near other males (freeman degree). 
Each point represents an individual male. The regression line of the number of neighbours predicted by body size is also presented in the figure. 
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Table 7: Body size (using principal component 1) had a significant influence on the number of 
neighbours that hovered near other males. ANOVA results and regression coefficients are 
presented for the linear model of the number of neighbours (freeman degree) predicted by body 
size.  
Residuals: d.f. Sum sq Mean sq F value P(>F) 
Body size 
PC1 
1 161.5 161.5 19.22 <0.001 
      
Residuals 89 748.1 8.41   
      
Coefficients: Estimate Std. Error t value P(>|t|)  
(Intercept) 2.07 0.304 6.80 <0.001  
      
Body size 
PC1 
1.03 0.235 4.383 <0.001  
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Figure 19: Most of the 40 males that hovered near another male are large relative to all the other marked males 
in the population. Males that emerged from bridges D and F are represented as circles and triangles, 
respectively. Males caught on the wing are represented as squares. A deeper saturation of red colouring 
indicates the quartiles of body size (deeper red is larger). Nodes symbolize individual males. Edges symbolize 
instances when two males were hovering within 1-2 contiguous locations of each other (locations are described 
in Figure 3). The number of interactions weights edges. Each male (node) is labelled by the nest that each male 
emerged from after overwintering (“Unk” represents males caught on the wing).
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3.6.3 Influence of size on the number of aggressive interactions between males 
Figure 20 is a set of histograms that show the distributions of males that had a chase-flee 
interaction, and chase or flee behaviours alone. Figure 21 shows that the males that chased or 
fled from one other male are larger than males that never chased or fled another male (Kruskal-
Wallis; Χ2 = 12.26, d.f. = 1, p = <0.001); males that chased at least one male are larger than 
males that did not chase any other male (Kruskal-Wallis; Χ2 = 13.89, d.f. = 1, p = <0.001); and 
males that fled at least one male are larger than males that did not flee another male (Kruskal-
Wallis; Χ2 = 8.87, d.f. = 1, p = <0.001). 
Male body size has a weak positive influence on the number of males that each male 
chased (F1,89 = 20.11, adjusted R
2 = 0.175, P = <0.001). Body size has a weak positive influence 
on the number of males each male fled from (F1,89 = 8.25, adjusted R
2 = 0.075, P = 0.005). Body 
size also has a weak positive influence on the total number of males that each other male chased 
or fled from (F1,89 = 18.41, adjusted R
2 = 0.162, P = <0.001). Taken together, this means that 
large males interacted aggressively with more males than smaller males did. Figure 22 shows the 
number of males chased plotted against body size, the number of males fled from by body size, 
and the total number of males interacted plotted against body size. The corresponding regression 
line is also plotted on each graph. Tables 8, 9, and 10 show the results of the ANOVA and the 
regression coefficients for the corresponding linear models.  
Figure 23 shows a social network constructed from the males that had chase-flee 
interactions. Most of the top two quartiles of males in terms of body size are represented in the 
network, while smaller males are underrepresented. There are 41 out of 91 (45%) males 
represented in the chase-flee network with 379 out of 3120 possible connections between males 
(normalized centralization = 0.121; 12.1% of possible connections) in the network. Most of the 
interactions are chases (292 out of 1600 possible chases; normalized centralization = 0.183) 
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because large males do most of the chasing. As such, there are fewer flee-behaviours from other 
males (128 out of 1600 flee-behaviours; normalized centralization = 0.080). Two large clusters 
represent males from different bridges as in the hovering network. The is a strong significant 
correlation between the number of neighbours each male had and the number of males each male 
chased or fled (Pearson r = 0.89, d.f. = 45, p = <0.001; Figure 24).   
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Figure 20: Top – Very few males chased other males. Middle – More males fled than chased other males. Bottom – The total number 
of chase-flee interactions by all males are shown. These data include all chase-flee interactions from 6 May – 9 June 2016 (before all 
males disappeared). 
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Figure 21: Left – Males that chased at least one male are larger than males that never chased another male. Middle – Males that fled 
from at least one males are larger than males that never fled a male. Right – Males that chased or fled at least one male are larger than 
males that never chased or fled another male. These data include all chase-flee interactions from 6 May to 9 June 2016 (before all 
males disappeared). 
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Figure 22: Top – Body size has a weak positive influence on the number of males each male 
chased. Middle – Body size has a weak positive influence on the number of males each male 
fled. Bottom – Body size had a weak positive influence on the number of males each male 
chased or fled. These data include all chase-flee interactions from 6 May – 9 June (before all 
males disappeared).  
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Table 8: Body size (using principal component 1) has a significant influence on the number of 
males each male chased. ANOVA results and regression coefficients are presented for the linear 
model of the number of males chased predicted by body size.  
Residuals: d.f. Sum sq Mean sq F value P(>F) 
Body size 
PC1 
1 57.85 57.85 20.11 <0.001 
      
Residuals 89 256.0 2.88   
      
Coefficients: Estimate Std. Error t value P(>|t|)  
(Intercept) 0.846 0.178 4.76 <0.001  
      
Body size 
PC1 
0.616 0.137 4.48 <0.001  
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Table 9: Body size (using principal component 1) has a significant influence on the number of 
males each male fled. ANOVA results and regression coefficients are presented for the linear 
model of the number of males fled predicted by body size. 
Residuals: d.f. Sum sq Mean sq F value P(>F) 
Body size 
PC1 
1 161.5 161.5 19.22 <0.001 
      
Residuals 89 748.1 8.41   
      
Coefficients: Estimate Std. Error t value P(>|t|)  
(Intercept) 2.07 0.304 6.80 <0.001  
      
Body size 
PC1 
1.03 0.235 4.38 <0.001  
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Table 10: Body size (using principal component 1) has a significant influence on the combined 
number of males each male chased and fled. ANOVA results and regression coefficients are 
presented for the linear model of the number of males chased or fled predicted by body size. 
Residuals: d.f. Sum sq Mean sq F value P(>F) 
Body size 
PC1 
1 13.22 13.22 8.24 0.005 
      
Residuals 89 142.6 1.60   
      
Coefficients: Estimate Std. Error t value P(>|t|)  
(Intercept) 0.846 0.133 6.38 <0.001  
      
Body size 
PC1 
0.295 0.103 2.87 0.005  
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Figure 23: Large males are overrepresented in the chase-flee (aggression) network with large males being more 
central with many chases directed at other males and flee from away chased directed at them. Males that 
emerged from bridges D and F are represented as circles and triangles, respectively. Males caught on the wing 
are represented as squares. The saturation of red indicates the quartile of body size increasing from low 
saturation to completely red. Nodes represent individual males. Edges point from the male that chased to the 
male that fled a chase-flee interaction. Edges are weighted by the number of chases-flee interactions between 
dyads. Each node is labelled by the nest that each male overwintered in (“Unk” represents males caught on the 
wing). 
73 
 
Figure 24: There is a strong linear relationship between the number of hovering neighbours each 
male has and the number of males it chased or fled from 5 May – 9 June 2016 (before all males 
disappeared). Points represent the values of each measure for individual males. Several males did 
not hover near another male or have chase-flee interactions with other males, which are 
represented at as a single point at (0,0).  
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3.6.4 Do male-male nestmates and siblings influence resource-holding potential and 
aggressive interactions? 
 Figure 25 is the hovering network that showed that some nestmates hovered near each 
other. Eleven dyads of nestmates hovered near each other. Nestmates that hover near each other 
is supportive of a dear-enemy effect. However, in Figure 26, the chase network, there were also 
nestmates that chased and fled each other showing aggression among nestmates. Eight dyads of 
nestmates chased each other. Using only males that interacted with nestmates and non-nestmates, 
I compared the average number of close hovering and chase interactions between nestmates and 
non-nestmates. Nestmates did not differ between how often they hovered near nestmates or non-
nestmates (two-sample t-test; t = -0.732, d.f. = 22, P = 0.472). Nestmates did not differ in 
aggression towards nestmates of non-nestmates either (two-sample t-test; t = -1.88, d.f. = 32, P = 
0.069). These results do not support a “dear-enemy” or a “nasty neighbour” response. Some 
nestmates did not interact at all.  
Figure 27 is the hovering network that showed that there were a few siblings that hovered 
near each other. There were three dyads of siblings that hovered near each other, which is not the 
avoidance of kin competition. Furthermore, in Figure 28, the chase network showed that some 
siblings even chase each other demonstrating aggression towards kin, which is not the avoidance 
of competition with kin. There were four dyads of siblings that chased or fled aggressive 
interactions. One dyad of siblings hovered near and chased each other. Using only males that 
interacted with brothers and non-siblings, I compared the average number of hovering 
neighbours and chase-interactions between sibling and non-sibling dyads. There is no difference 
in how often sibling and non-sibling dyads hovered near each other (two-sample t-test; t = -
0.043, d.f. = 3, P = 0.969). There is also no difference in the average number of chase-
interactions between sibling and non-sibling dyads (two-sample t-test; t = -0.067, d.f. = 6, P = 
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0.949). These results do not support a strict avoidance of kin competition. However, nearly half 
of all siblings did not interact at natal aggregations. Some males with brothers even competed for 
territories a non-natal bridge, which suggests that kin competition avoidance may happen by 
dispersing from natal aggregations. 
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Figure 25: Some of the nestmate-males represented in the hovering network hovered near each other, while 
others did not. Males from bridges D and F are represented as squares and triangles, respectively. Males caught 
on the wing are marked as “Unk” and are represented as squares. Each node represents an individual male and 
nodes are labelled by the nest it overwintered in. Node colours correspond with the nest that each male emerged 
from after overwintering. Grey coloured nodes are males that did overwinter with male nestmates or the nest it 
overwintered in is unknown. Coloured edges indicate a nestmate dyad that hovered near each other and grey 
edges represent non-nestmate dyads that hovered near each other.
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Figure 26: Some of the nestmate-males represented in the chase-flee network chased or fled each other, while 
others did not. Males from bridges D and F are represented as squares and triangles, respectively. Males caught 
on the wing are marked as “Unk” and are represented as squares. Each node represents an individual male and 
nodes are labelled by the nest it overwintered in. Node colours correspond with the nest that each male emerged 
from after overwintering. Grey coloured nodes are males that did overwinter with male nestmates or the nest it 
overwintered in is unknown. Each edge directs from the male that chased to the male that fled. Coloured edges 
indicate a chase-flee interaction between a dyad of nestmates and grey edges represent a chase-flee interaction 
between a dyad of non-nestmates.
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Figure 27: Some of the brothers represented in the hovering network hovered near each other. Most of the 
brothers of males in the network did not hover near other males. Males from bridges D and F are represented as 
squares and triangles, respectively. Males caught on the wing are marked as “Unk” and are represented as 
squares. Each node represents an individual male and nodes are labelled by the nest it overwintered in. Node 
colours correspond with a family of males estimated with COLONY. Grey coloured nodes represent males that 
did not have a brother. Coloured edges indicate a sibling dyad that hovered near each other and grey edges 
represent non-sibling dyads that hovered near each other.  
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Figure 28: Some of the brothers represented in the chase-flee network chased or fled each other. Most of the 
brothers of males represented in the network did not chase or flee other males. Males from bridges D and F are 
represented as squares and triangles, respectively. Males caught on the wing are marked as “Unk” and are 
represented as squares. Each node represents an individual male and nodes are labelled by the nest it 
overwintered in. Node colours correspond with a family of males estimated with COLONY. Grey coloured 
nodes represent males that did not have a brother. Each edge directs from the male that chased to the male that 
fled. Coloured edges indicate a chase-flee interaction between a dyad of siblings and grey edges represent a 
chase-flee interaction between a dyad of non-siblings. 
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4 Discussion 
4.1 The influence of body size on resource-holding potential and territorial 
interactions 
The first objective of this thesis was to determine whether males establish and defend 
territories in high-quality locations where mates are likely to be encountered. Males did in fact, 
establish and defend territories where mates are likely to be encountered as females departed or 
arrived at nests. This result supports that distributions of females or the resources that females 
use influence where males establish territories to secure mating opportunities (Alcock & 
Houston, 1987; Emlen & Oring, 1977; Severinghaus et al., 1981).   
The second objective was to determine if body size influenced territorial behaviours and 
interactions. Males that exhibited hovering or chase behaviours are larger than males that never 
hovered or interacted with other males. Body size had a weak positive influence on hovering 
rates. Therefore, body size influences whether and how often male X. virginica hold territories. 
Social networks of males that hovered near each other and chase-flee interactions were 
constructed to determine whether 1. size influences resource-holding potential, 2. familiar 
individuals reduce aggression to each other, and 3. siblings avoid competition in male X. 
virginica. A linear regression showed that the body size has a positive significant influence on 
the number of males each other male hovered near. Further linear regressions showed that the 
body size of each male has a positive significant influence on the number of males each other 
male had an aggressive chase-flee interaction with and the number of males each male chased. 
The body size of each male also has a positive significant influence on the number of males each 
male fled. Therefore, body size influences the number of territorial neighbours each male had, 
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and the number of males each male had aggressive interactions with and chased. Thus, the body 
size of X. virginica males positively influences their resource holding potentials.  
Body size is often associated with the resource-holding potential (or fighting ability) of 
males during escalated contests to gain access to mates (Arnott & Elwood, 2009). In X. virginica, 
territorial contests are usually settled by chases, and on rare occasions, aggressive interactions 
escalate into an aerial grappling fight. These data support previous work in X. virginica (Barthell 
& Baird, 2004), other bees (Alcock & Houston, 1987; Severinghaus et al., 1981), wasps (Asis, 
Tormos, & Gayubo, 2006; Polak, 1994), and various other animals (Arnott & Elwood, 2009; 
Kelly, 2008) on the influence of body size in territorial contests. 
Since large size is advantageous then why does body size positively influence the number 
of males each male fled from? Game theory models predict the evolution of intermediate 
strategies where actors (males) in a game (territorial competition) can choose to be aggressive or 
tolerant based on the assessment of their resource-holding potential or the resource-holding 
potential of other competitors (Arnott & Elwood, 2009; Maynard Smith, 1979). Maynard Smith 
(1979) showed that these intermediate strategies could be evolutionarily stable strategies, but 
strictly fighting or retreating is not stable. Assessment models usually associate with the contest 
duration (Arnott & Elwood, 2009) of aggressive interactions, but contest duration was not 
measured explicitly in the present study. However, some form of assessment must be occurring 
in X. virginica because even though large males hold territories more often and more 
aggressively, large males also flee (retreat) more.  
Since males can assess resource-holding potential based on size and smaller males are 
disadvantaged, then why do small males persist in the population? Small males persist in X. 
virginica and many other territorial bees because small males are cheaper for females to produce 
than larger males. More brood reduces the risks of parasitism and predation (Alcock et al., 1977). 
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Body size is also influenced by ecological factors such as the number of pollen provisions 
(Radmacher & Strohm, 2010) and developmental temperatures (Partridge et al., 1994; 
Radmacher & Strohm, 2010). Alcock (1995) suggested that there may be yearly differences in 
traits that sexual selection acts on, which may contribute to variation in size. Some female X. 
virginica can only produce males because they emerge after males disappear, which may explain 
why only half of the nests had males. These females that emerge late have less time to provision 
brood and may produce smaller males because of this.  
Small males can secure reproductive opportunities by exhibiting alternative reproductive 
strategies. In Anthidium manicatum, a bee with multiple mate-locating strategies, large males 
hold high-quality resources and smaller males either hold smaller territories or patrol for females 
(Severinghaus et al., 1981). A. manicatum has a condition-based strategy, in which smaller males 
adopt territoriality when larger males disappear (by experimental removal; Starks & Reeve, 
1999). X. virginica may employ such a strategy because small males also patrol for females and 
larger males similarly defend high-quality territories (Barthell & Baird, 2004). Thus, it is very 
likely that X. virginica males also have plastic behaviours concerning mate-locating strategies. 
There are also many other traits that are related to resource-holding potentials such as 
body mass, weaponry, age, and fat reserves, winner and loser effects, and positional advantages 
(Arnott & Elwood, 2009). It is possible that some of these factors contributed to the lower R2 
values in the linear regression models. Territory owners (positional advantages) are known to 
influence the decisions of non-owners in other bee species (Alcock & Houston, 1987; Stern, 
1991), and owners win contests more often than non-owners (Veiga, Moreno, Cordero, & 
Minguez, 2001). Winner and loser effects do occur in aggressive interactions between female 
bees (Rehan & Withee, 2016), but there is a need for similar studies on male behaviour.  
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Male X. virginica are all similarly aged because each overwinters as adults and lives for a 
single season (personal observation), so age probably does not contribute to resource-holding 
potential. However, the wings of bees wear down over time so factors like damage received 
during mid-air contacts, or the length of hovering bouts may reduce resource-holding potential.   
4.2 Familiarity did not influence interactions 
In Xylocopa virginica, male nestmates hover near each other as often as they hover near 
non-nestmates. Nestmates are also as aggressive to each other as they are to non-nestmates. So, 
familiarity did not influence interactions between nestmates and non-nestmates. These results 
reject the occurrence of a “dear-enemy” effect (Fisher, 1954; Wilson, 2000) during territorial 
interactions for territories near nests in X. virginica. These results also reject an alternative “nasty 
neighbour” effect based on familiarity, in which nestmates are more aggressive to each other 
(Müller & Manser, 2007). Territory owners are equally aggressive to all other males when the 
stability of neighbouring males is low (Stoddard, Beecher, Horning, & Willis, 1990). Neighbour 
stability may explain why familiarity did not influence territorial interactions in X. virginica 
because males rarely hovered next to each other relative to the total number of observations of 
males hovering in any territory.  
The alternative, more common predictions of the “dear-enemy” and “nasty neighbour” 
hypotheses suggest that territorial neighbours influence interactions rather than intra-nest 
familiarity (Müller & Manser, 2007; Munguía-Steyer, Córdoba-Aguilar, & Maya-García, 2016; 
Temeles, 1994). There may be a “nasty neighbour” effect in the context of neighbour-stranger 
interactions but not familiarity since there is a strong linear relationship between how many 
hovering neighbours that males had and how many males they chased. Studies on game theory 
suggest that territorial neighbours should reduce aggression because when each knows the 
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chance of winning and escalated contest based on interactions used to establish territorial 
boundaries (Getty, 1987; Ydenberg et al., 1988). There may also be less to gain by competition 
with neighbours than with strangers since neighbours already hold territories. So, losing a contest 
with a stranger may cost a territory and mating opportunities (Getty, 1987). Continuous 
observations of focal males should be able to determine whether interactions with neighbours are 
less aggressive and to each other than to strangers. If this new study found the opposite, then 
more aggression towards neighbours than strangers would support a “nasty-neighbour” effect.  
4.3 Kinships did not influence interactions 
Siblings hovered near each other as often as they hovered near non-siblings. Siblings also 
chased each other as often as non-siblings. However, some brothers did move from natal 
aggregations to defend territories at the other bridge or perhaps elsewhere for brothers that did 
not hover or interact at bridges. So, overall brothers do not strictly avoid competition with each 
other, but there are many males with brothers that did not attempt to establish territories at their 
natal aggregation. Kin selection (Hamilton, 1964a) did not influence territorial interactions 
among brothers, which is evidence against the third hypothesis of this thesis. Kin selection acts 
based on the discrimination of kin from unrelated individuals (Smith et al., 2010). A study by 
Vickruck & Richards (2017b) found evidence for nestmate but not kin recognition in X. 
virginica, so it is probable that males holding territories cannot discriminate related males from 
unrelated males. Failed discrimination would ultimately prevent differences in aggression based 
on kinship from occurring altogether.  
Although there was no effect of kinship on territorial interactions, this is the first study to 
examine the influence of kin selection on the territorial behaviours of male bees. It remains 
possible that, in other bee species, males may behave less aggressively to related individuals in 
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species with kin recognition. More studies to determine if kin recognition occurs in other species 
with territorial males are needed to address whether the results of the present study are the norm 
or not. For instance, a study to determine whether kin recognition occurs in Anthidium 
manicatum, a bee with well-described territorial behaviours (Severinghaus et al., 1981; Starks & 
Reeve, 1999; Wirtz, Szabados, Pethig, & Plant, 1988) merits further investigation.  
Some males competed with siblings, but many did not interact at all or dispersed from 
natal nests before overwintering. In X. virginica, related females avoid competition by dispersal 
(Vickruck, 2017), so the same process may be occurring for males. It is unclear whether 
competition among kin or dispersal (coincidental or not) affects the reproductive success of 
males or not. It may also be that males disperse from related females, which the microsatellite 
genotypes and nestmate data may explain.  
The results of the sibship assignments imply that several males did not overwinter in the 
same nest as their brothers. The means that females laid eggs in different nests, which does not 
seem likely given the life history of females. Females with siblings usually overwinter together 
in natal nests (Vickruck, 2017), and may disperse after overwintering to join new nests (Peso & 
Richards, 2011; Richards & Course, 2015). There are often other females within nests, but there 
is usually a dominant forager who does all the work and presumably lays all of the eggs (Course, 
2011; Richards & Course, 2015) like a solitary bee. Females do occasionally make pollen trips to 
other nests, which is probably used in social interactions rather than for producing brood 
(Course, 2011; Richards & Course, 2015).  
If females are not actually laying eggs in different nests, which is more likely, then the 
COLONY software is may not be reliable using a single generation of haplodiploid genotypes. 
Another possibility is that the 8 microsatellite loci used in this study do not provide enough 
information due do alleles at some loci that are very frequent in the population (see Table S2). A 
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simple solution to this problem is to use additional microsatellite loci to analyze sibling 
relationships. Additional microsatellite loci have been previously identified (Vickruck, 2015), 
which should be able to more precisely identify sibling relationships.  
4.4 Conclusions and future directions 
Territorial interactions in male X. virginica are influenced by body size. Conspecifics 
probably use body size to assess resource-holding potential (fighting ability). These results 
support evidence for large body size advantages in other territorial species across different 
taxonomic groups (Arnott & Elwood, 2009).  
Familiarity did not influence how often males hovered near each other or aggression 
between nestmates or non-nestmates even though nestmate recognition reduces aggression and 
promotes tolerance in intra-nest male-male interactions in X. virginica (Peso & Richards, 2010). 
Further investigation is required to compare interactions between neighbouring males with 
strangers to address all possible predictions of the dear-enemy hypothesis. Focal observations of 
territory owners might answer such a hypothesis, which Richards (personal communication) 
suggested. I aim to conduct focal observations in a concise study to test for a “dear-enemy” or 
“nasty neighbour” effect in the future.  
Finally, kinship did not influence how often males hovered near each other or aggressive 
interactions between siblings or non-siblings. Since kin recognition does not occur in X. 
virginica it is unlikely that further investigation of kin selection in the species will yield different 
results. However, there is a precedent to study kin selection and recognition in many of the other 
bee species with territorial males. The present study primes further investigation of the genetic 
component of male behaviour in bees and other Hymenoptera. Genetic relatedness can 
sometimes explain the formation of social groups (Silk, 2002; Smith et al., 2010). In species with 
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territorial mate-locating strategies, interactions among males must influence genetic relatedness 
in some form, though this is seldom studied.  
The results of this thesis also showed that the mating system in X. virginica ranges from 
monogamy to polygynandry since both males and females can mate multiply. Until now the 
mating system was unknown even though male territoriality strongly suggests multiple mating 
(Alcock, 1978; Barrows, 1983; Barthell & Baird, 2004; Paxton, 2005). The effects of multiple 
mating on the genetic structure of X. virginica will be explored in an ongoing study of male and 
female reproductive success.  
This thesis did not measure the reproductive success of individuals, though an going 
multi-year study will address this in the future. The ongoing study will determine the actual 
reproductive success of males and females observed in the present study. A multi-year approach 
will help to describe better the influence of body size on resource-holding potential and whether 
that influences reproductive success. Furthermore, early analyses indicate that there are yearly 
effects on body size, probably due to the drought that occurred in 2016. I aim to explore drought 
effects on body size and territoriality, the latter of which is unknown in bees.  
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Appendix 
Table S1a: The total number of departures and arrivals per female per nest at bridge D. 
 
*Females that departed or arrived at nests in both aggregations  
FemaleID D1 D2 D3 D4 D5 D6 D7 D9 D10 D11 D12D13D14D15D16 D17 D18 D19 D22 D24D26
BB-O . . . . . . . . . . . . . . . . . . 8 . .
BG 70 . . . . . . . . . . . . . . . . . . . .
BGLD . . . . . . . . . 4 23 . . . . . . . . . .
BG-O . . . . . . . . . . . . . . . . 11 . . . .
BLB . 2 . . . 7 . . . . . 2 . . . . . . . . .
BLB-O . . . . . . . . . . . . . . . . . . . . 1
BO . . . . . . 6 . . . . . . . . . . . . . .
BP . . 8 . . . . . . . . . . . . . . . . . .
BP-O . . . . . . . . . . . . . 6 . . . . . . .
GG . . 8 . . . . . . . . . . . . . 1 . . . .
GGLD . . . . . . . . . . 3 1 . . . . . . . . .
GP . . . . . . . . . . . . . . 5 . 12 . . . .
LBG . . . . 7 . . . . . . . . . . . . . . . .
LBGLD . . 1 2 . 15 . . . 3 . . . 2 . . . . . . .
LBLB . . . . . . . . . . . . . . . . . . 11 . .
LBP . . . . . . . 2 . . . . . . . . . . . . 44
LBY . . . . . . . . 2 . . . . . . . . . . . .
OG . . 62 . . . . . . . . 4 . . . . . . . . .
OGLD . . . . . . . . . . . . . . . . . . . 4 .
OLB . . . . . . . . . 1 1 . . . . . . . . . .
OO . . . . . 16 . . . . . . 2 . . . . . . 1 .
OP . 40 1 . . . . . . . . . . . . . . . . . .
PP . . 2 . . . . . . . . . . . . . . . . . .
RGLD-O* . . . . . . . . . . . 1 . . . . . . . . .
RO-O . . . . . . 2 . . . . 1 . . . . . . . . .
RP-O . . . . . . . . . . . . . . . . . 1 . . .
RWR-O . . . . . . . . . . . . . . . . . . . . 4
WB* . . . . . . . 1 . . . . . . . . . . . . .
WG . . . . . . . . . . . . . . 42 . . . . . .
WGLD* . 1 . 1 . 2 . . . . . . 8 . . . . . . . .
WLB 2 . . . . . . 82 . . . . . . . . . . . . .
WO . . . 69 . . . . . . . . . . . . . . . . .
WP . . . . 2 54 . . . . . . . . . . . . . . .
WW 2 . . . . . 2 . . . . . . . . . . . . . .
WY* . . . . . . 3 . . . . . . . . . . . . . .
YB . . 21 . . . . . . . . . . . . . . . . . .
YBLB . . . . . . . . 14 . 1 . . . . . . . . . .
YB-O* . . . . . . . . . . . 1 . . . . . . . . 2
YBW . . . . . . . 4 . . . . . . . . . 1 . . .
YBY-O . . . . . 57 . . . . . . . . 2 . . . . . .
YG* . . . . 5 . . . . . . . . . . . . . . . 2
YGLD* . . . . . . . . . . . . . 1 . 2 . . . . .
YG-O* . . . . 14 . . . . . . . . . . . . . . . 2
YGR . . . . 2 . . . . . . . . . . . . . . . .
YGY-O . . . . . . . 24 . . . . . . . . . 4 . . .
YLB . . . . . . . . 3 . . . 8 . . . . . . . .
YLB-O . . . . . . . . . . . . 15 . . . . . . . .
YLBY-O . . . . . . . . 37 . . . . . . . . . . . .
YOY-O . . . . . 7 . . . . . 2 . . . . . . . . .
YP* . . . . . 1 . . . . . . . . . . . . . . .
YP-O . . . 4 . . . . . . . . . . . . . . . . 2
YPY-O . . . . . . . . . 35 . . . . . . . . . . .
YR* 1 . . . . . . . 16 . . . . . . 2 . . . . .
YRB . . . . . . . . . . . . . . 38 . . . . . .
YRG . . 2 3 24 1 . . . . . . . . . . . . . . .
YRGLD 7 . . . . . . . . . 2 5 . . 1 . . . . . .
YRLB . . . . . . 39 . . . . . . . . . . . . . .
YR-O . . 2 . . . . . . . . . . . . . . . . . .
YRY-O . . . . . 2 . . . . . . . . . . . . . . .
YS . . . . . . . . . . . 3 . . . . . . . . 2
YS-O . . . . . 2 . . . . . . . . 1 . . . . . 18
YY . . . . . . . . . . . . . . . . 4 . . . .
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Table S1b: The total number of departures and arrivals per female per nest at bridge F. 
 
*Females that departed or arrived at nests in both aggregations   
FemaleID F2 F3 F4 F5 F7 F8 F9 F10 F11 F12 F13 F15 F16 F17 F18 F19 F23 F24
BB . . . 1 . . . . . . . . . . . . . .
GLDGLD . . . . . . . . . . 3 . . . . . . .
PGLD . . . . . . . . . . . . 3 1 . . . .
RB . 58 . . 1 . . . . . . . . . . . . .
RG . . . . . . 86 . . . . . . . . . . .
RGLD . . . 1 . . . . . . 8 . . . . . . .
RGLD-O* . . . . . . . . . . 17 . . . . 1 . .
RG-O . . . . . . . 40 . . . . . . . . . .
RLB . . . 8 . . . . . . . . . . . . . .
RO 50 . . . . . . . . . . . . . . . . .
RR . . . . . . . . . . . . . . . . 18 .
SGLD . . . . . . . 30 . . . 1 . . . 1 . .
WB* . 2 106 . . . 2 . . . . . . . . . . .
WB-O . . 7 . . . . . . . . . . . . . . 7
WGLD* . . . . . . . . . 1 . . . . . . . .
WGLD-O 2 . . . . . . . . . . . . . 2 32 . .
WG-O . . . . . . . . . . . 2 . . . 40 . .
WLB-O . . . . . . . . 59 . . . . . . . . .
WO-O . 19 . . 8 2 . . . . 4 . 1 . . 1 . .
WP-LG . . . . . . . . . . 1 . . . . . . .
WP-O . . . . . 2 . . . 41 . . . . 2 . . .
WR . . 2 58 . . . . . . . . . . . . . .
WR-O . . . . . . . . . . 7 . . . . . . .
WW-O 10 . . . . . 1 . . . . . . . . . . .
WY* . . . . . . . . . . . . . . . 3 . .
WY-O . . . . . . . . . . . . . . . 45 . .
YB-O* . . . . . . 19 . . . . . . . . . . .
YG* . . . . . . . . . . 2 . . . 8 . . .
YGLD* . . . . . . . . . 90 . . . . . . . .
YG-O* . . . . . . . . . . . . . . 10 . . .
YLB-LG . . . . . . . . . . . . . . . 1 . .
YO-O . 14 . . 7 . . . . . . . 1 . . . 2 .
YP* . . . . . . . . . . 2 . . . 55 . . .
YP-O . . . . . . . . . . . . . . 1 . . .
YR* . . . 1 . . . . . . . . . . . . . .
YR-O . 19 . . . . . . . . . . . . . . 4 .
YY-O . 2 . . . . . . . . . . . . . . 53 .
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Table S2: Genotypes of all bees used in the COLONY analyses to infer male-male sibships (data 
in attached excel file, “Genotypes 2016 Xylocopa virginica.csv”). 
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Table S3: Genotypes of males from bridge D with the probability that they share a mother 
estimated from COLONY. Males that shared the same mother with probability greater than 0.80 
were siblings. Sibling genotypes were then checked by hand to make sure there was no more 
than two alleles for each locus and each set of siblings. The analysis includes males caught on 
the wing. 
ID a. Ccode XV3 XV7 XV24 XV27 XV30 XV39 XV42 XV43 Sibship Prob. MotherID
D-2-1 WO 249 320 198 218 298 237 462 210 A 0.86 #20-D
D-2-2 WGLD 249 316 201 221 298 240 453 218 no bro. 1.00 #26-D
D-2-3 RO 241 316 198 230 298 237 462 210 no bro. 1.00 #27-D
D-2-4 BG 257 316 198 218 298 240 464 204 no bro. 0.28 #18-D
D-2-5 OGLD 241 316 198 221 298 237 453 210 no bro. 0.99 #28-D
D-2-6 LBS 237 316 198 230 298 240 459 210 H 0.86 #9-D
D-2-7 WW-Y 249 316 198 218 298 240 453 219 B 1.00 #29-D
D-2-8 WY-Y 241 316 198 221 298 240 453 207 no bro. 0.35 #30-D
D-2-9 WG-Y 237 316 198 230 298 237 453 219 no bro. 1.00 #31-D
D-3-1 WBLK 249 316 198 230 298 237 453 204 no bro. 1.00 #33-D
D-3-2 YR 237 316 198 218 288 237 453 204 D 0.94 #34-D
D-3-3 RR 237 0 198 218 288 0 0 204 D 0.94 #34-D
D-4-1 YB 249 318 198 218 298 240 459 218 no bro. 1.00 #35-D
D-5-1 YG 241 316 198 218 298 237 453 207 no bro. 0.71 #1-D
D-5-2 RS 257 316 198 230 298 237 453 207 C 1.00 #3-D
D-6-1 YYd 257 320 198 218 298 237 453 210 A 0.86 #20-D
D-6-2 YO 249 316 198 227 298 237 453 210 no bro. 0.65 #38-D
D-6-3 YP 249 316 198 218 298 240 453 219 B 1.00 #29-D
D-6-4 YBLK 257 316 201 218 298 237 462 207 E 1.00 #39-D
D-6-5 RB 257 320 198 218 298 237 462 210 A 0.86 #20-D
D-6-6 RLB 241 316 198 218 298 243 462 210 no bro. 0.94 #40-D
D-6-7 RG 257 316 198 218 298 243 459 210 no bro. 0.28 #18-D
D-6-8 BB 241 320 198 227 298 243 459 213 no bro. 0.71 #17-D
D-6-9 BO 249 316 204 227 298 243 453 210 no bro. 0.65 #41-D
D-6-10 BLB 257 316 201 218 298 237 462 210 E 1.00 #39-D
D-6-11 BP 249 316 198 221 298 237 453 207 F 0.99 #42-D
D-7-1 WLB 241 316 198 218 298 237 453 210 no bro. 1.00 #44-D
D-9-1 WS 241 316 198 218 298 237 453 207 no bro. 0.71 #1-D
D-9-2 YGLD 241 316 189 0 298 237 453 207 no bro. 1.00 #47-D
D-9-3 RGLD 249 320 189 221 298 237 453 207 F 0.99 #42-D
D-9-4 OO 253 316 189 221 298 237 453 207 F 0.99 #42-D
D-9-5 LBLB 241 316 189 218 298 240 453 207 no bro. 1.00 #48-D
D-9-6 LBG 249 320 189 221 298 237 453 207 F 0.99 #42-D
D-9-7 LBP 241 316 198 218 298 240 453 210 no bro. 1.00 #49-D
D-10-1 WG 257 316 198 230 298 237 453 207 C 1.00 #3-D
D-10-2 WP 257 316 198 230 298 237 453 207 C 1.00 #3-D
D-10-3 YLB 257 316 198 230 288 240 453 210 no bro. 0.56 #4-D
D-11-1 WR-Y 237 316 198 230 298 240 459 219 H 0.86 #9-D
D-12-1A BS 241 320 198 221 298 240 450 207 no bro. 0.86 #11-D
D-12-1B YS 241 320 198 221 298 240 459 213 no bro. 0.97 #12-D
D-12-2 WB-Y 237 316 198 221 298 237 453 210 no bro. 1.00 #13-D
D-12-3 WO-Y 249 320 198 221 298 237 453 219 no bro. 0.99 #14-D
D-16-1 LBGLD 237 316 198 233 298 240 459 207 no bro. 0.83 #21-D
D-26-1 OS 241 316 198 230 0 240 453 210 no bro. 1.00 #32-D
U-1 BGLD 237 316 198 218 298 240 453 204 no bro. 1.00 #50-D
U-2 OLB 241 316 198 221 298 240 453 207 no bro. 0.35 #30-D
U-3 OG 241 316 204 221 298 240 459 213 no bro. 0.59 #19-D
U-4 OP 237 316 198 230 298 240 453 210 no bro. 1.00 #51-D
U-5 WLB-Y 237 316 204 233 301 237 459 210 G 1.00 #52-D
U-6 WP-Y 237 316 198 230 298 240 459 219 H 0.86 #9-D
U-7 WGLD-Y 237 316 204 230 301 237 453 219 G 1.00 #52-D
U-10 YY-P 0 316 0 241 298 244 453 210 no bro. 1.00 #53-D
U-11 OO-O -- -- -- -- -- -- -- -- -- -- --
U-12 RR-O 241 320 198 230 298 240 464 204 no bro. 1.00 #54-D
a. ID coded as (bridge)-(nest number)-(bee number)
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Table S4: Genotypes of males from bridge F with the probability that they a mother estimated 
from COLONY. Males that shared the same mother with probability greater than 0.80 were 
siblings. Sibling genotypes were then checked by hand to make sure there was no more than two 
alleles for each locus and each set of siblings. The analysis includes males caught on the wing. 
ID a. Ccode XV3 XV7 XV24 XV27 XV30 XV39 XV42 XV43 Sibship Prob. MotherID
F-2-1 PS 237 316 195 230 310 237 462 210 no bro. 0.98 #18-F
F-2-2 GLDGLD 249 316 198 227 298 240 462 207 no bro. 0.36 #19-F
F-2-3 LGR 237 316 195 227 298 237 462 207 no bro. 0.36 #19-F
F-3-1 PGLD 249 316 195 218 298 240 464 207 I 0.93 #10-F
F-3-2 LGP 249 316 198 218 298 240 453 204 I 0.93 #10-F
F-3-3 WW-LG 249 316 198 233 298 240 453 204 I 0.93 #10-F
F-4-1 SGLD 237 316 195 227 301 240 459 210 no bro. 0.55 #20-F
F-4-2 LGO 237 316 198 218 298 237 453 210 no bro. 0.35 #25-F
F-4-3 LGG 237 316 198 218 301 237 459 204 J 0.93 #2-F
F-4-4 LGW-LG 237 316 195 218 301 240 453 210 no bro. 1.00 #26-F
F-4-5 YO-LG 237 316 198 218 301 240 453 204 J 0.93 #2-F
F-5-1 YY 237 316 204 230 298 237 459 210 no bro. 1.00 #28-F
F-5-2 GGLD 237 316 198 230 298 237 464 210 no bro. 0.64 #29-F
F-5-3 LGS 249 316 195 227 298 240 453 210 no bro. 0.36 #19-F
F-5-4 WY-LG 237 316 198 227 298 237 453 204 no bro. 0.93 #27-F
F-9-1 LGY 237 316 198 221 298 237 459 204 no bro. 0.84 #30-F
F-9-2 LGGLD 237 316 201 224 298 240 453 210 no bro. 0.35 #7-F
F-9-3 YLB-LG 253 316 201 224 298 237 453 210 no bro. 0.35 #7-F
F-9-4 RR-LG 253 316 201 224 298 237 453 210 no bro. 0.35 #7-F
F-11-1 SS 237 316 198 218 298 240 459 204 J 0.93 #2-F
F-11-2 LGW 237 316 198 218 301 240 453 204 J 0.93 #2-F
F-11-3 WO-LG 237 312 198 227 298 0 453 210 no bro. 1.00 #3-F
F-11-4 WGLD-LG 237 316 198 221 298 237 459 207 no bro. 0.84 #4-F
F-11-5 YR-LG 237 316 198 218 298 237 459 204 J 0.93 #2-F
F-12-1 YG-LG 237 316 195 218 298 240 453 207 no bro. 1.00 #5-F
F-18-1 GG 241 316 198 233 298 240 464 207 I 0.93 #10-F
F-18-2 GP 237 316 189 230 298 240 453 213 no bro. 1.00 #11-F
F-18-3 GS 237 316 189 215 298 237 453 207 no bro. 0.85 #12-F
F-18-4 YY-LG 237 316 198 230 298 237 450 210 no bro. 1.00 #13-F
F-19-1 PP 249 316 198 218 298 240 453 207 I 0.93 #10-F
F-19-2 WLB-LG 237 316 198 218 298 237 453 207 no bro. 1.00 #14-F
F-19-3 WG-LG 237 316 189 230 298 237 453 210 no bro. 0.88 #15-F
F-19-4 WP-LG 237 316 198 230 298 237 453 210 no bro. 0.88 #16-F
F-19-9 WB-LG 241 316 195 218 298 240 453 210 no bro. 1.00 #17-F
F-23-1 LGB 237 316 198 218 298 240 453 207 no bro. 1.00 #21-F
F-23-2 WR-LG 237 316 198 221 298 237 453 210 no bro. 0.61 #6-F
F-23-3 YB-LG 241 316 198 218 298 240 459 207 no bro. 1.00 #22-F
U-1 BGLD 237 316 198 218 298 240 453 204 J 0.93 #2-F
U-2 OLB 241 316 198 221 298 240 453 207 no bro. 0.97 #1-F
U-3 OG 241 316 204 221 298 240 459 213 no bro. 1.00 #31-F
U-4 OP 237 316 198 230 298 240 453 210 no bro. 0.87 #32-F
U-5 WLB-Y 237 316 204 233 301 237 459 210 G 1.00 #33-F
U-6 WP-Y 237 316 198 230 298 240 459 219 no bro. 0.98 #34-F
U-7 WGLD-Y 237 316 204 230 301 237 453 219 G 1.00 #35-F
U-10 YY-P 0 316 0 241 298 244 453 210 no bro. 1.00 #37-F
U-11 OO-O -- -- -- -- -- -- -- -- -- -- --
U-12 RR-O 241 320 198 230 298 240 464 204 no bro. 1.00 #38-F
a. ID coded as (bridge)-(nest number)-(bee number)
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Figure S1: The tenure of all marked females observed at bridge D from 6 May – 29 June 2016. 
Points are females observed on that day, and the lines are the approximate tenure of each female. 
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Figure S2: The tenure of all marked females observed at bridge F from 6 May – 29 June 2016. 
Points are females observed on that day, and the lines are the approximate tenure of each female. 
